INTRODUCTION
The use of alternative fuels in compression ignition (Cl) engines to reduce exhaust gas emissions has, in the past few years, become a popular topic of research. Much of this research has centered on minimizing exhaust gas emissions while at the same time optimizing power output. Most Cl engines are designed to operate on diesel fuel and therefore, perform best while operating on that fuel. During the engine design and optimization process, an engine manufacturer will perform in-cylinder pressure measurements to determine cylinder pressure, rate of change in pressure, estimated rate of heat release, mass-burned fraction and charge temperature.
High speed data acquisition systems are used by performance development engineers and are found to be of practical value. Algorithms and techniques that provide for an accurate representation of heat transfer and a means of very accurately determining top dead center (TDC) have been developed. Engine cycle analysis (ECA) and fuel injection analysis (FIA) software can be used to obtain steady state engine performance characteristics (Gill, 1988) . The combustion process in a diesel engine is usually considered to occur in four phases according to heat release rate (Barbell et al., 1989) .
Those phases are the ignition delay period, premixed burning phase, diffusion burning phase and oxidation phase. These phases are used to follow the transformation of fuel in the combustion cycle. Kittelson et al. (1988) observed that soot concentration, heat release and fuel injection data were related to one another. There was a longer delay between the start of combustion and the start of soot formation for high equivalence ratio which was due to a 3 slightly longer premixed burning phase at high load. The increase in length of the premixed burning period was much smaller than the increase in the formation lag time. Shundoh et al. (1991) observed that low (1000 rev/min) and high (2000 rev/min) engine speeds had no effect on heat release rate because the injection rates were the same, and heat release closely followed the injection rate in type C combustion. The gas temperature in the case of the low speed condition was higher than that at high speed and was the reason for higher NOx and lower smoke levels at low speeds.
Alternative fuels also have been tried in direct injection compression ignition engines and have been found to work satisfactorily. In-cylinder pressure measurements have been performed using alternative fuels to compare with diesel fuel. Niehaus et al. (1986) observed that diesel fuel produced more premixed burning than thermally cracked soybean oil (TCSBO) at brake mean effective pressures (BMEP) of 100 kPa and 300 kPa.
However, premixed burning for TCSBO was greater than that for diesel fuel at a higher BMEP of 500 kPa Czerwinski (1994) used a rapeseed oil, ethanol and diesel fuel blend and compared the heat release curves with diesel fuel. He observed that the addition of ethanol caused longer ignition lag at all operating conditions. At higher and full loads, the combustion speeds were high with strong premixed phases. The addition of rapeseed oil gave a little lower combustion speed and lower combustion temperature as compared to diesel fuel.
The inflammation lag with rapeseed oil was slightly shorter and the combustion duration was approximately equal to diesel fuel. The blend of diesel, rapeseed oil and ethanol had lower heat values which diminished the power output at full load as well as the available power during the transient operating conditions. The overall objective of this project was to perform in-cylinder pressure measurementson an engine to determine the rate of heat release, mass-burned fraction of fuel and charge temperature curves on fuels produced by blending diesel, methyl tallowate, methyl soyate and fuel ethanol in different ratios and comparing them with No.2 diesel fuel. It was expected that this study would help establish the fuel burning characteristics needed to control exhaust emissions and engine coking
MATERIALS AND METHODS

Engine and Instrumentation:
A 1991 Cummins N14-410 direct injection diesel engine was used in this research. Specifications of the engine are presented in Table 1 .
The engine was coupled to an Eaton 522 kW (700 hp) dynamatic eddy current dry gap dynamometer. Engine torque was measured with a load cell and Daytronic system 10 integrator, and speed was measured using a 60 tooth sprocket and magnetic pickup. Ali et al. (1995) .
Testing Procedures :
The charge amplifier and the SuperFlow power supply were turned on two hours before collecting data to allow the instruments to stabilize. The engine was started and warmed-up, at low idle, long enough to establish correct oil pressure and was checked for any fuel, oil, water and air leaks. The speed was then increased to 1600 rev/min and sufficient load was applied to raise the coolant temperature to with normal operating range. After completion of the warm-up procedure, the intake and exhaust restrictions were fixed at rated engine speed (1800 rev/min) and full load and from then on were not adjusted for different speed or load changes. The test procedure consisted of an 6 eight mode steady state emissions test sequence followed by four full load test points at different speeds to complete a full load torque and power map. Table 4 presents the speed and load combinations used. The testing was done in the Nebraska Power
Laboratory at the University of Nebraska-Lincoln.
The engine was run at the specified speeds and loads for a minimum of 6 min and data were collected during the last 2 min of operation. Pressure data were collected for all speed and load combinations, but for the purpose of this paper, only data taken while the engine was at its maximum constant load at a given speed were used. The points were at engine speeds of 1100, 1200, 1400, 1600, 1800 and 1900 rev/min with full loads.
Engine cycle data were collected over 450 cycles at each point and averaged for analysis.
Pressure and volume data collected for each test were converted into rate of heat release, mass burned fraction and charge temperature with respect to crank angle using a software package EGA91 1 obtained from SuperFlow Corp. (Colorado Springs, CO).
RESULTS AND DISCUSSION
Engine in-cylinder pressure data were analyzed for rates of heat release, massburned fractions and charge temperatures with respect to crank angle (CA) for different fuel blends.
Rate of Heat Release vs.
Crank Angle : This analysis shows the estimated rate of heat release during the combustion process. The results provide a quantified assessment of combustion rate and the means to diagnose combustion problems. The analysis was based on pressure and volume measurements. Therefore, some assumptions were made 7 to calculate rate of heat release. The first assumption was that the trapped charge remained in a uniform single zone of constant composition from intake valve closing to exhaust valve opening. In actuality, large temperature gradients existed in the charge during combustion and the chemical composition of the unburned gases was different from the burned gases. The second assumption was that leakage and heat transfer to the wall was negligible. The third assumption was that the charge mixture behaved as an ideal gas. Based on these assumptions, the rate of heat release with respect to CA and location of peak heat release for blends of diesel, methyl tallowate, methyl soyate and ethanol at different engine speeds were calculated using ECA911, a standard engine cycle data analysis package, and are presented in Table 5 . Representative graphs showing the development of change in rate of heat release with CA are shown in Figs. 1 and 2.
It was observed that peak rate of heat release decreased as engine speed increased from 1100 rev/min to 1900 revlmin (Table 5 ). The location of peak rate of heat release was delayed as the engine speed increased. Furthermore, as the diesel fuel content of the blended fuel was reduced, the peak rate of heat release also was reduced.
The shapes of the rate of heat release curves for all fuel blends at all engine speeds were similar to that of No.2 diesel fuel. No.2 diesel fuel had a peak rate of heat release of 0.287
W'CA at the engine's peak torque producing speed of 1200 revlmin and 0.250 kJ/"CA at the engine's rated speed of 1800 rev/min. The trends of peak rates of heat release with CA for all fuel blends at engine speeds of 1200 and 1800 revlmin are shown in Figs. 1 slight increases at 1200 rev/min. Reductions in the peak rates of heat release were expected as the energy contents of the blends were less than that of No.2 diesel fuel, (Ali et al., 1995) . To understand the process of heat release in detail, one must know the mass-burned fraction of the fuel with respect to CA to determine the ignition delay and burn duration.
Mass-Burned Fraction vs. Crank Angle :
The mass burned fraction was obtained by integrating the rate of heat release. The curve of mass-burned fraction with respect to CA allowed for identification of ignition delay, the fully developed combustion period and the combustion tail. Further, it gave information about how much fuel was unburned at any point in the combustion cycle.
Representative curves for mass-burned fraction of the fuel with respect to CA at 1200 and 1800 rev/min engine speeds are shown in Figs. 3 and 4 , respectively. The burn duration and ignition delay in terms of CA for No.2 diesel fuel are quantified in those figures. Three points defined in those curves are start of injection, start of combustion and end of combustion. Technically, ignition delay is defined as the interval between start of injection and start of combustion but to assess mass burned fraction from engine cycle analysis, the 0 to 10 % burned range is often defined as the ignition delay and the 10 to 90% range is the burn duration (Anon. 1994) . The last 10 % burned is not usually carefully considered due to errors associated with the assumptions made in the heat-release analysis. The quantification of these parameters is extremely useful in characterizing combustion chamber and ignition system performance. The quantified parameters related to ignition delay and burn duration are presented in Table 6 .
It was observed that the ignition delay increased with increasing engine speed ( Table 6 ). The ignition delay at 1100 rev/min was in the range of 19 to 20 "CA and increased to 26 to 27 "CA at 1900 rev/min for all fuel blends. On the other hand, the burn duration decreased with increasing engine speed. Burn duration reduced from the range of 50 to 52 "CA at 1100 rev/min to the range of 41 to 43 "CA at 1900 rev/min. The ignition delay for No.2 diesel fuel was 20.8 "CA at 1200 rev/min and increased to 24.6 "CA at rated speed of 1800 rev/min. Similarly, the burn duration was 49.4 'CA and 42.6 "CA at 1200 and 1800 rev/min, respectively.
At 1200 rev/min engine speed, the ignition delays for the 8020.70:30 and 60:40% (v/v) blends of diesel:methyl tallowate were all within 0.6 "CA of that of No.2 diesel fuel.
When the engine speed was increased to 1800 rev/min, the ignition delays were found to be 24.6 "CA, the same as No.2 diesel fuel. The burn durations at 1200 rev/min engine speed were all within 1. Representative curves for charge temperature with CA at 1200 rev/min and 1800 rev/min engine speeds are shown in Figs. 5 and 6. The trends of temperature change for all fuel blends were similar to that of No.2 diesel fuel. The locations of the peak charge temperatures also were in a narrow range. Peak charge temperatures and locations of peak charge temperatures for all fuels are presented in Table 7 .
No.2 diesel fuel had the maximum charge temperature (Table 7) . At 1200 and 1800 rev/min, the charge temperatures were 1359 "K and 1284 "K, respectively. The respective locations of the peak charge temperatures were 28.8 and 34.8 "CA ATDC.
At 1200 rev/min the peak charge temperatures for the 8020,70:30 and 60:40 % (viv) blends of aiesel:methyl tallowate were reduced by as much as 19 "K as compared to
No.2 diesel fuel The locations of these peak charge temperatures were within 2.6 "CA of that of No.2 diesel fuel. The shifts in the locations of peak charge temperatures were consistent with the locations of peak rates of heat release. When engine speed was increased to 1800 rev/min, the peak charge temperatures were reduced by as much as 12 "K of that of No.2 diesel fuel and their locations were changed by as much as + 0.4 "CA. The reductions in peak charge temperatures were due to reductions in the total energy contents of the fuel blends which also resulted in reduction in peak rates of heat release.
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When methyl tallowate was replaced by fuel ethanol and methyl soyate, the peak charge temperatures at 1200 revlmin were reduced by as much as 40 "K of that of No.2 diesel fuel with no change in their locations. At 1800 rev/min, the values of peak charge temperatures were reduced by as much as 38 "K, respectively with not much change in their locations. These results were in agreement with the results obtained for peak rates of heat release for similar fuel blends and engine speeds. Similarly, at 1800 revlmin the peak charge temperatures were reduced by as much as 110°K with their locations at 31.6 and 31.8 "CA ATDC as compared to 34.8 "CA ATDC for
No.2 diesel fuel. A similar trend was observed when rates of heat release were analyzed Fosseen.et al. (1993) also observed steady reductions in exhaust gas temperatures at both rated speed and peak torque conditions when they used blends of diesel and methyl soyate (0 to 40 %) in a Detroit Diesel Corp. 6V-92 engine.
Reductions in the charge temperatures with different fuel blends were expected as the energy contents of the methyl tallowate, methyl soyate and ethanol blends were less than that of No.2 diesel fuel (Ali et al., 1995) . Reductions in charge temperature help reduce NO, emissions from the engine.
CONCLUSIONS
A complete engine cycle analysis was conducted to analyze in-cylinder pressure data to estimate rate of heat release, mass-burned fraction and charge temperature with respect to crank angle. It was concluded that the rate of heat release was reduced with increases in the amounts of methyl tallowate, methyl soyate and ethanol in the fuel blends.
There was a slight shift in the location of the peak rate of heat release away from top dead center (TDC) when only methyl tallowate was blended with No.2 diesel fuel. When 35 % of the methyl tallowate was replaced by ethanol, there was a further decrease in the rate of heat release and the location of peak rate of heat release was shifted towards TDC at both peak torque and rated engine speeds. Ignition delay and burn duration were determined from mass burned fraction data. There was a slight decrease in ignition delay when methyl tallowate was blended with diesel fuel. However, ignition delays were not affected by the amount of methyl tallowate in the blend. Further, replating 35 % of the methyl tallowate/methyl soyate by ethanol did not affect ignition delay at either peak torque or rated engine speeds. The burn duration was more or less the same for all fuel blends.
The charge temperature decreased with increases in amounts of methyl tallowate, methyl soyate and ethanol of the fuel blends. Maximum charge temperature was observed for No.2 diesel fuel at both peak torque and rated engine speeds. The peak charge temperatures and their locations followed the same trends as the peak rates of heat release for all fuel blends. Therefore, looking at the results of rate of heat release, mass burned fraction, ignition delay, burn duration and charge temperature for all fuel blends it was concluded that since the performance of the engine with all fuel blends was similar to 15 that of No.2 diesel fuel, they should have no effect on long term engine performance.
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